tal hypertrophy (idiopathic hypertrophic subaortic stenosis). Am J Cardiol 35: 337, 1975 ticularly pronounced (septal-free ratio 2 2.0). Disproportionate septal thickening was also present in 65% of older fetuses, but in only 12% of infants over two weeks of age. Septal-free wall ratio decreased in a curvilinear fashion with increasing age and approximated unity in the newborn. This phenomenon occurred because, while both ventricular septal and left ventricular free wall thicknesses increased directly with age, free wall thickness increased at a greater rate than septal thickness, particularly after birth. Marked cellular disorganization in the septum was not a feature of the hearts studied.
embryonic, fetal or newborn human heart. Because such data would potentially enhance our understanding of the genesis of hypertrophic cardiomyopathy, the present morphologic study of developmental changes in the normal human heart was undertaken.
Materials and Methods

Selection of Specimens
Morphologic observations were made on 151 normal human heart specimens encompassing the developmental period from five weeks gestation (Carnegie stage 17, at which time the ventricular septum has divided the ventricular cavities) to 20 months of age. Heart specimens were obtained from the following sources:
1) Thirty-five serially sectioned embryos with crownrump (C-R) lengths* of 12.6 mm to 29.5 mm (5½/2 to 8 weeks gestation) from the Carnegie Embryologic Collection.22' 23 2) Fifty-three fetuses with C-R lengths of 32 mm to 180 mm (eight to 22 weeks gestation) from either the Carnegie Collection (24 serially sectioned fetuses) or from therapeutic abortions performed by the George Washington University Hospital Obstetrical Service, 1976-1977 (29 nonserially sectioned fetuses).
3) Five stillborn infants with C-R lengths of 190 mm to 320 mm, including four that were premature (23 to 32 weeks gestation) and one that was full-term; for the purpose of data analysis, these subjects will be considered fetuses in this communication. 4 All specimens were fixed in 10% formaldehyde, processed and embedded in paraffin. Observations on embryos or fetuses from the Carnegie Collection were limited to those specimens sectioned in the transverse or frontal planes; these hearts were serially sectioned at thicknesses of 10 to 20 gt and were usually stained with alcohol cochineal or hematoxylin and eosin.22 23 In all other fetal or infant hearts studied, full thickness blocks of myocardium were taken from the ventricular septum and left and right ventricular free walls perpendicular to the longitudinal axes of the ventricles, sectioned at 5 to 10 ,, and stained with hematoxylin and eosin.
Measurements of Ventricular Wall Thicknesses
In both serially sectioned and nonserially sectioned specimens, measurements of ventricular wall thicknesses were made on histologic sections using a light microscope with a calibrated micrometer eyepiece. These measurements were made perpendicular to the endocardial surface of the ventricular walls; care was taken to avoid including trabeculae, papillary muscles, crista supraventricularis or mitral or tricuspid valve structures. Ventricular septal thickness was measured (in the cephalad-caudad axis) at a point about one-half the distance from base to apex and (in the anteroposterior axis) at a point in the mid-septal region about one-half the distance between the anterior and posterior junctions of the septum with the ventricular free walls. Left or right ventricular free wall thicknesses were measured at a point midway between the anterior and posterior junctions of the ventricular free wall with the septum in the same transverse plane in which septal thickness was measured. Hence, contrary to our convention in patients left ventricular wall thickness were not specifically made in the posterobasal region, because it was often difficult to identify precisely the posterobasal area of the left ventricle in small, serially sectioned specimens.
In serially sectioned specimens, in order to avoid measurement of obliquely sectioned ventricular walls, wall thicknesses were routinely assessed only in those sections of the heart in which the ventricular cavities were of greatest internal diameter and spherical or elliptical in shape and in which it was possible to discern definitively the limits of the ventricular wall from trabeculae. The left and right ventricular cavities and respective ventricular walls were distinguished with certainty by identifying the chamber to which the pulmonary valve and outflow tract were related26 or by identifying the atrium to which the pulmonary veins were connected.
Assessment of Arrangement of Cardiac Muscle Cells
The severity and extent of disorganization of cardiac muscle cells in the ventricular walls was assessed in 130 specimens. Assessment of cellular arrangement was possible in 27 of the 59 serially sectioned specimens from the Carnegie Collection (in which measurements of ventricular wall thicknesses were made for this study). The remaining 32 specimens were excluded from this analysis because of one or more of the following limitations: available sections were too thick (> 10 ) or stained too lightly and the majority of cardiac muscle cells were cut in transverse section (rather than longitudinal). However, histologic assessment of cellular arrangement was possible in 11 additional, serially sectioned embryos and early fetuses, in which reliable measurements of ventricular wall thicknesses could not be made. Assessment of cellular arrangement was also possible in each of the 92 nonserially sectioned specimens in this study.
Statistical Methods
Due to the fact that prenatal development was assessed in terms of C-R length and that postnatal development was analyzed in terms of age, separate regression analyses were required for these two subgroups. For embryos and fetuses, weighted regression analyses were used to demonstrate the relation between the logarithm of ventricular wall thicknesses or septal-free wall ratio and the logarithm of C-R length.27 This statistical method was used because these data demonstrated a relative lack of homogeneity of variance with progressive development.'9 However, for purposes of illustration these data are shown on a conventional linear scale (with the exception of fig. 1 ). In live-born infants, unweighted least squares regression analyses were used to determine the relation between ventricular wall thicknesses or septal free-wall ratio and postnatal age (these data are also shown on a conventional linear scale). Where appropriate, a test for a linear trend of the proportions was employed." figure 5 for each of the 151 hearts studied.
Disproportionate septal thickening was present in 60 (94%) of 64 embryos and young fetuses with C-R lengths less than 100 mm (eight to 15 weeks gestation) (fig. 6) ; mean septal-free wall ratio in these specimens was 1.98 ± 0.08 (SE). Disproportionate septal thickening was particularly marked in these embryos and young fetuses. This is evidenced by the fact that 24 (38%) of the 64 hearts in this subgroup with disproportionate septal thickening had septal-free wall ratios > 2.0 (figs. 5 top, 6 and 7A), including five with ratios > 3.0 and one with a ratio of 4.5.
Disproportionate septal thickening was also present in 28 (65%) of 43 older fetuses with C-R length > 100 mm (figs. 5 bottom, 6 and 7B); mean septal-free wall ratio for this subgroup was 1.42 ± 0.04 and only three (7%) of the 43 hearts had septal-free wall ratios of > 2.0. In contrast, 11 (25%) of 44 live-born infants showed disproportionate septal thickening (mean septal-free wall ratio 1.15 ± 0.03) and none had septal-free wall ratios of . 2.0 ( fig. 6 ). The decreasing prevalence of disproportionate septal thickening with progressive development was statistically significant (P < 0.001).
When infants over two weeks of age were analyzed separately, disproportionate septal thickening was relatively uncommon (4 of 32 or 12%) and the mean septal-free wall ratio was only 1.09 ± 0.02 (figs. 5 bottom and 7C). Furthermore, the four infants over two weeks of age with disproportionate septal thickening each had borderline septal-free wall ratios of only 1.3. Figure 8 demonstrates that septal-free wall ratio gradually decreased in a curvilinear fashion with development. Figure 1 shows the developmental changes in absolute ventricular wall thicknesses that were responsible for diminishing septal-free wall ratio with increasing age. While ventricular septal thickness greatly exceeded left ventricular free wall thickness in young embryos, and both septal and FIGURE 6 . Prevalence of disproportionate septal thickening shown separately in 64 embryos and fetuses with C-R length less than 100 mm, in 50 fetuses with C-R length greater than 100 mm and in live-born term infants. Prevalences are shown using a septalfree wall ratio ofeither > 1.3 or > 2.0 as the diagnostic criterion for disproportionate septal thickening. VS/LV = ventricular septal to left ventricular free wall thickness ratio. FIGURE 5. Ventricular septal and left ventricular (L V free wall thicknesses and septal-free thickness ratios. Top) In 64 embryos and fetuses with C-R length less than 100 mm. Bottom) In 50 fetuses with C-R length greater than 100 mm and in 37 live-born term infants.
free wall thicknesses increased directly with age, free wall thickness increased at a greater rate than did septal thickness, both before and after birth. Before birth, the rate of growth of the left ventricular free wall was 20% greater than the rate of growth of the ventricular septum. After birth the rate of growth of the left ventricular free wall was 33% greater than that of the septum.
Right ventricular wall thickness was consistently equal to or less than left ventricular free wall thickness. In addition, right ventricular wall thickness increased in a parallel relation to left ventricular free wall thickness throughout gestation. However, after birth right ventricular wall thickness showed no further increase (and actually diminished slightly) while left ventricular free wall thickness continued to increase in a linear fashion.
Arrangement of Cardiac Muscle Cells in Ventricular Walls
In each of the 130 specimens studied histologically, the vast majority of cardiac muscle cells in the ventricular septum were normally arranged (i.e., were in parallel alignment). However, small foci in which adjacent cardiac muscle cells were arranged obliquely and perpendicularly to each other ( fig. 7D) were present in the ventricular septum of 59 (45%) of the 130 hearts, including 22 (51%) of 43 embryos and young fetuses with C-R length < 100 mm, 18 (42%) of 43 older fetuses with C-R length > 100 mm and 19 (43%) of 44 live-born term infants. These foci of obliquely and perpendicularly arranged cells were present in the ventricular septum either at its anterior or posterior junction with the left and right ventricular free walls (47 hearts), in the midportion of the ventricular septum (seven hearts), or both (five hearts). Virtually all cardiac muscle cells in the left and right ventricular free walls were normally arranged.
Discussion
The results of the present study show that disproportionate thickening of the ventricular septum with respect to the left ventricular free wall, the most characteristic gross anatomic feature of hearts with hypertrophic cardiomyopathy,1-7 is also a common finding in the developing normal human heart. In this study, disproportionate septal thickening (septal-free wall ratio .1.3) was present in over 90% of young embryos. In addition, disproportionate septal FIGURE 8 . Relation between septal-free wall thickness ratios and crown-rump (C-R) length or postnatal age in 151 embryos, fetuses and live-born term infants. Horizontal broken line denotes septal-free wall ratio of1.3. The regression equation for the line shown before birth is: log septal-free wall ratio = 1.09-0.14 -log C-R length (r = 0.48). The regression equation for the line shown after birth is: septal-free wall ratio = 1.21-0.004 -age in weeks (r = 0.37).
thickening was often quite marked in young embryos, with septal-free wall ratios of greater than 2.0 a frequent finding. However, during subsequent pre and postnatal growth septal-free wall thickness ratios gradually diminished and disproportionate septal thickening became progressively less common, e.g., only about 10% of live-born term infants over two weeks of age showed a septal-free wall ratio of >1.3. This decrease in septal-free wall ratio with increasing gestational and postnatal age appears to be due to the fact that while the ventricular septum is markedly thicker than the left ventricular free wall in the earliest stages of development, with subsequent cardiac growth (and particularly after birth) the left ventricular free wall increases in thickness at a greater rate than does the ventricular septum.
It should be pointed out that a relatively small but important subgroup of the normal live-born population in this study showed disproportionate septal thickening (25% of all term infants and 12% of those over two weeks of age). This finding emphasizes the difficulty encountered in the identification of hypertrophic cardiomyopathy in infants by using a septal-free wall ratio of > 1.3 as the sole diagnostic criterion. Hence, we believe that the anatomic diagnosis of hypertrophic cardiomyopathy in infants requires, in addition to disproportionate septal thickening: 1) a ventricular septum that is clearly thicker than normal in absolute terms and 2) bizarre ventricular septal architecture.i" Because disproportionate septal thickening is a characteristic anatomic feature of both the normal developing heart and the heart with hypertrophic cardiomyopathy, it is possible that disproportionate septal thickening in patients with hypertrophic cardiomyopathy represents postnatal persistence of a normal anatomic feature of the embryonic heart. Alternatively, it is probably more likely that the development of disproportionate septal thickening in patients with hypertrophic cardiomyopathy occurs by mechanisms independent of those intrinsic to normal cardiac development. Support for this hypothesis is provided by our finding that marked disorganization of ventricular septal architecture, also characteristic of patients with hypertrophic cardiomyopathy,11 13, 19 and which has been described in infants with congenital heart malformations,24' 29. 30 was not a feature of the normal developing hearts studied. It is also possible that cellular disorganization occurs at a later stage of the disease and is not a necessary feature of hypertrophic cardiomyopathy at the time disproportionate septal thickening has already become evident.
